differences may reflect different kinds or magnitudes of cellular injury. A study of the growth response of cells after exposure to ferrous ions was undertaken, therefore, using a quantitative microscopic method for determining the occurrence and number of divisions undergone by cells during the first eight hours of incubation on agar (Catlin, 1954) . These results are presented, together with further data on effects of ferrous ions.
EXPERIMENTAL METHODS
Bacterial strain. A streptomycin-dependent strain (Sd4) of Escherichia coli was used in all experiments, and has been described (Bertani, 1951; Catlin, 1953a) . To increase homogeneity of cellular response, single colony isolations were made periodically from the stock strain streaked on nutrient agar (Difco) containing 10 ,ug per ml of dihydrostreptomycin sulfate (Lilly). Test populations were grown for 20 hr with aeration at 37 C in 100 ml of nutrient broth (Difco) containing 10 ,ug per ml of dihydrostreptomycin.
Method of exposure to Fe+. Cells were harvested aseptically by centrifugation, washed once in sterile distilled water, and resuspended in half the original volume of water. Portions of 12 or 15 ml were pipetted immediately into sterile 50-ml cylinders closed with 2-hole rubber stoppers. One hole of each stopper was fitted with glass tubing which extended nearly to the bottom of the cylinder. The second hole served as sampling port and was fitted with a removable piece of tapered glass tubing plugged with cotton. The cylinders were placed in a chipped-ice bath (1 C) and streams of humidified, high purity nitrogen (Linde, dry) were passed through the cellular suspensions for 5 to 10 minutes. A freshly prepared solution (3.0 or 5.0 X 10-5 M final concentration) of ferrous sulfate, chilled to 1 C, was introduced through the sampling ports. A control, used in every experiment, consisted of a companion suspension to which was added an equal volume of sterile distilled water. The period of cellular exposure at 1 C, which was generally 30 min, was followed by a period of exposure at 37 C. The temperature change was effected by transferring the cylinders to a 37 C water bath. Nitrogen was employed continuously in some tests; in others, oxygen (Puritan, U.S.P.) was substituted for nitrogen for a period ranging from 5 to 10 min.
At intervals samples of each suspension were removed through the sampling port with the aid of sterile, long capillary, Pasteur pipettes.
One ml of each sample was diluted in a 9.0-ml sterile water blank, which was adjusted to the temperature corresponding to that of the sample. Further dilutions, as required for determining 406 the number of viable cells, were prepared promptly in water containing inorganic salts (C medium without glucose, Catlin, 1953a) . Suitable dilutions were spread in triplicate on the surfaces of plates of nutrient agar containing 50 ,ug per ml dihydrostreptomycin. The frequency of reversion from streptomycin-dependence to nondependence also was determined for every sample. Reversion frequency was computed from the average number of revertant colonies that appeared on 9 plates of streptomycin-free nutrient agar, each spread with 0.1 ml of the 10-1 dilution of celLs (Catlin, 1953a) .
Agar block methodfor estimating cellular division. Cellular suspensions, diluted 10" in sterile distilled water, were pipetted (0.1-or 0.05-ml volumes) and spread on the surfaces of prewarmed agar plates. Since cellular division may be stimulated in a crowded area by the metabolic products of adjacent cells, suspensions must be diluted and spread suitably. Nutrientagar (either streptomycin-free or containing 10 ,ug per ml dihydrostreptomycin, poured in 20 ml-quantities in pressed glass dishes) was used without special clarification in order to duplicate growth conditions found on asay plates.
Inoculated plates were incubated at 37 C and at accurately timed intervals were sampled aseptically by cutting out squares of agar. This step was carried out in a walk-in incubator to avoid changes of temperature that might modify growth processes. Agar blocks, placed cell-side up on microscope slides, were exposed for two or more hours to formaldehyde (37 per cent) vapor. After fixation, the blocks were gently covered with dye-treated cover glasses and were sealed with melted paraffin. The dye mixture contained two volumes of Dienes stain (methylene blue, 2.5 g; azur II, 1.25 g; maltose, 10 g; sodium carbonate, 0.25 g; distilled water, 100 ml) and one volume of crystal violet (crystal violet, 1.0 g; maltose, 10 g; distilled water, 100 ml). This solution, filtered before use, was swabbed on clean cover glasses and allowed to dry.
In properly prepared mounts the position and number of cells in microcolonies is undisturbed. When the flow of nitrogen was replaced by oxygen for a period as short as 7 min during the 1 C to 37 C change, recovery of cellular viability was presented, even though nitrogen was returned to the system during the remaining period of 37 C exposure.
The relation of time of oxygenation to time of temperature change during exposure to Fe6 was investigated. When an 8-min period of oxygenation was used early in the 30-min period of exposure at 1 C, and nitrogen was used thereafter, recovery was about equal to that obtained in tests using nitrogen alone. When a 5-to 6-min period of oxygenatioL was terminated just a few minutes before the temperature change, recovery also occurred, although to a lesser degree. This is shown in figure 2 , where relative recoveries obtained in three tests were 0.21, 0.44, and 0.39. Higher recoveries were not obtained, probably because an optimum degree of anaerobiosis had not been re-established during the short time before the temperature change. In simultaneous tests of portions of the same populations, nitrogen was present until 5 or 6 min after the temperature change. Relative recoveries of 0.40, 0.56, and 0.61, respectively, were obtained during this brief period. Then, oxygen was substituted for nitrogen during 6-or 9-min intervals and a decline in viability resulted. Further exposure at 37 C in nitrogen produced little or no subsequent increase in viability.
In six experiments, observations were made of the subsequent growth response of cells removed from exposure to Fev at various times before and during the recovery treatment. The agar block method for estimating cellular division and the nephelometric method of estimating minimum generation time were employed on the same samples of exposed cells. Figure 2 . Effect of time of oxygenation in relation to temperature change during exposure of Escherichia coli in 5.0 X 10-5 M FeSO4. Temp of exposure was 1 C during the first 30 min and 37 C thereafter (arrows show time of temp change). Nitrogen was used in each test, except during a 5-to 9-min interval (indicated by the beaded portion of curve) when oxygen was substituted. Viability data from 3 experiments are plotted. Open circles, squares, and triangles show results when oxygenation preceded the temp change; corresponding closed symbols show results using the same culture when oxygenation followed the temp change. The top 3 curves are controls for each experiment. (Catlin, 1953a (Catlin, , 1953b some degree of aerobiosis is required for high reversion frequency. Longer periods of oxygenation during exposure to Fe+ at 37 C produced higher reversion frequencies.
The photomicrographs in figure 3 show the appearance of cells on representative agar blocks of the series prepared from the experiment shown in table 1. Figure 3A shows figure 3C . Branching cells were produced more commonly by cells exposed to Fe++, but one was seen on a control preparation. They were observed on both streptomycin agar and on streptomycin-free agar.
Dense-staining small cells are seen in figure 3E . That they do not represent merely a contaminant is suggested by the occasional finding of the same type of cell among other clones, for example figure 3F .
The interpretation of events on the basis of cytological evidences may be doubtful in many cases. In figure 3D , for example, the presence of a clone having only four cells, after 7 hr of incubation, might be due to delay in initiation of growth, to a very slow rate of division, or to the early termination of division. Because one cell shows considerable elongation, it may be inferred that growth was initiated some time earlier. Since only two serial divisions occurred, there is basis for the view that all of the cells had lost the capacity for continued division and that one, only, had retained the capacity for growth without division. Figure 3G shows a clone which has grown on streptomycin agar during an incubation period of 7 hr. The two filamentous cells evidence growth in the absence of division, whereas the other 20 cells possibly retained the capacity for division until sampled.
A considerable number of paired cells was present even after an incubation period of 6 or 7 hr. This was observed especially in the case of samples from tube B. Some celLs of pairs were the size of actively growing cells, as seen in the upper left corner of figure 3C . Others, as seen in E and F, were only slightly larger than resting cells. Since bipolar distribution of metachromatic granules may simulate paired cells, and since cell walls were not specifically stained, all pairs were carefully inspected. Cells were not scored as divided unless found to be completely separate. That agglutination was responsible for the pairing seems improbable, since such cells were not observed in larger groups. shown in table 1 were plated on streptomycin-containing (S) or streptomycin-free (P) agar and were incubated at 37 C for the designated periods. A: 37 C sample from tube A incubated 3 hr on S (800 X magnification). B: same as A after 5 hr on S (700 X). C: 1 C sample from tube A incubated 6 hr on 5 (700 X). D: same as C, after 7 hr on S (700 X). E: 37 C sample from tube B incubated 6 hr on P (1300 X). F: same as E, after 7 hr on P (700 X). G: same as A, after 7 hr on S,(700 X).
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[voL. Fe+ exposure tubes A and B produced similar numbers of divisions during incubation on streptomycin agar, as would be expected. Later samples from the same tubes showed divergent tendencies. Recovery treatment (tube A, 37 C sample taken at 62 min-figure 4, horizontallined and solid areas of bars) increased the proportion of clones numbering 65 or more cells (7 or more divisions) that were produced during 6-and 7-hour periods of incubation. In contrast, the 37 C sample from tube B (figure 5) showed a decreased proportion of large clones during comparable incubation periods. Numbers of divisions produced during any given incubation period were similar for the dividing cells of the 37 C sample from tube A and for the first control sample (tube C, 1 C sample taken at 23 min-figure 6, verticallined and solid areas of bars). However, the later (37 C) sample from tube C showed an over-all decrease in clone size in comparison with the 1 C sample from the same tube.
For approximately the first 5 hours of incubation, these streptomycin-dependent cells undergo comparable numbers of divisions on streptomycin agar and on streptomycin-free agar. Differences in clone size on the two media become apparent at the end of the fifth or sixth hour, which is about the time that exponential growth starts in tubes of aerated streptomycin broth. Conspicuous differences in morphology of cells on the two media begin to develop after about 7 hr. As incubation proceeds, the Sd cells on streptomycin-free agar gradually become filamentous and lose their viability (Bertani, 1951) .
Spontaneous mutations from streptomycindependence to nondependence are believed to occur during the period that Sd celLs are dividing on streptomycin-free agar. The occurrence of spontaneous mutations will be increased by agents that increase cellular division. Since the salts of heavy metals in high dilutions may stimu-1956] CATLIN late bacterial growth, it was of interest to determine whether residual growth was increased by exposure of cells to Fe<. The status of Fe++ as a mutagenic agent cannot be clarified without such data. Figures 4, 5, and 6 show that the capacity for division on streptomycin-free agar of cells from the 37 C sample of Fe+ exposure tube A approximated, but did not exceed that of control cells. Cells from tube B, which exhibited the highest frequency of reversion to nondependence, underwent fewer divisions than control cells. Since the procedure of plating for the agar block studies duplicates the procedure of plating for revertants, these data provide evidence that the increase in reversion frequency associated with exposure to Fe+ is not due to an increase in amount of residual growth produced on streptomycin-free agar.
DISCUSSION
The agar block method described represents a modification and a different application of longexisting techniques. 0rskov (1922) Stenderup (1953) to study the effect of streptomycin on the division of individual E. coli cells and by Luria (1939) (Loveless, et al., 1954; Spoerl, et al., 1954 "viable" cells to produce several hundred cells; occasionally, some celLs of these aggregates also became filamentous).
The growth or division of these nonviable cells is of relatively short duration, but it provides further evidence that cellular inactivation is not complete until a certain amount of metabolic activity has occurred. This feature of duration of the events leading to inactivation provides the possibility of eliciting recovery of viability of part of a population after exposure to a physical or chemical agent by interrupting the inactivation process and changing the course of abnormal cell metabolism (for example, Kelner, 1953; Stapleton, et al., 1953; Heinmets, et al., 1954; Wainwright and Nevill, 1955) . Some critical step in the inactivating process initiated by Fe+ is oxygen sensitive at 37 C. After being subjected to Few at 1 C, if cells are exposed to oxygen at a temperature conducive to metabolic activity either before removal from the Fe+ solution or as a consequence of plating, the inactivation process becomes irreversible. However, when the temperature accompanying Fe+ exposure was changed from 1 C to 37 C in the presence of nitrogen, a sample taken a few minutes later revealed a considerably higher fraction of viable cells than was found in an earlier sample of the same population taken at 1 C. Data presented provide evidence that the increase in frequency of reversion from streptomycin-dependence to nondependence produced by exposure to Fe+ is not due to an increase in amount of residual growth produced by Sd4 on streptomycin-free agar.
